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poxy resins are widely used as matrices for high per-

formance composites for their elevated physical properties.

However the permanence in a humid environment and at rela-

tively high temperatures produces a reduction of these pro-

perties, due to both moisture induced plasticization and

micrecavities formation. In a previous report the Authors

have introduced a simple model to describe temperature hi-

story dependence of liquid water sorption in epoxy resin.

A history dependent solubility model is generalized in

accordange with the Dual Mode Sorption Theory to take into

account a history dependency of effective water diffusion

coefficients in epoxy resins, based on a hypotisbd micro-

cavitational damage due to the combined effects of tempera-

ture iid sorbed moisture* For this purpose# weight changes

in sorption- desorption experiments, made on thin cast

sheets of epoxy resin, have been followed using a Mc Bain

quartz - spring microbalance placed in temperature and hu-

midity controlled cell. Attention has been given to the
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Finally, a crazing criterion is qualitatively used to

test the nature of the damaging process involved for the

synergistic effects of applied stresses, moisture sorption

and temperature. In this first attempt some aspects fur-

ther indicate crazing an the main phenomenon responsible

for the damaging proceas. The increase of the driving force

for cavitation, i.e. applied tensile stress, results in

fact in an increase of the apparent solubility. The

effects of a hydrostatic compressive stress field is also

discussed. i
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Fiber reinforcea plastics are being increasingly utilized

for structural applications where their leig-term properties

are of primary importance. A3 a result the problem of envi-

ronmental effects on mechanical performance is attracting a

great deal of attention. In the case of epoxy composites it

has been shown that their elevated mechanical properties are

strongly affected by moisutre absorption from high humidity

environments (1-9). This effects# especially at higher

temperatures, has been associated to moisture induced plas-

ticisation and/or micromechanical damaging (6,7). While the

plasticization effect is a reversible phenemenon, the micro-

cavitation is not recoverable. The damaging procens, go-

verned .by synergistic effect oP sorbed moisture and tempe-

ratureis particularly evident on solubility behavicurr

where an additional. weight gait Is observed (1,3,6) when

samples are exposed to cycling conditions of environment

and temperature (thermal spikes).

This additional weight gain is attributed to moisture

entrapment during miciocracking of the resinp since glass

transition temperature changes are not observed (6).

.11 i



Most of the published work is concerned with the cow-

bined effects of moisture and temperature on the sorption

behaviour of a composite matrix material, In fact, while

the sorption process is reasonably well described by classi-

cal diffusion laws (1,2,6), history dependent equilibrium

moisture solubilities are usually found (1,3,6,10). Sorp-

tion behaviour anomalies are particularly apparent at ele-

vated temperatures.

Gften, when the diffusing species have high affinity j
with polymers the sorption is coupled with molecular re-

laxation and crating (11-16) wherein morphological modi-

fication of the polymer are involved. Anomaious sorption

behaviour has been reported for numerous polymer-diluent

systems (13,17,19-22). In the tase of thermoplastic po-

lymers a sharp advancing swollen front has been observed
and both the propagation kinetics and the morphological

modifications due to the solvent have been extensively

studied (18,20-22). Low crosslink6d polymers have shown

almost similar behaviour (15). However the crosslinked

structure of these resins reduces the amount of relaxa-

tion due to solvent s6rption, which namely may take place

,4
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in the regions with low crossltnking density (4,23-25).

Moreover, for moituire and water scrption# localized cavi-

tation has been also associated with the tencency of water

to form clusters (12925).

In the last years interest has been focused primarily

on the effects of moisture sorption during "thermal spikes"

in real-life simulation tests (1,2,5,626,227) on the pro-

perties of thennosetting resins. The consequent reduction

of ultimate properties has been associated both to irrever-

sible damage (microcracks formation) and to reversible da-

mage (water plasticization) (6). The formed microcavities

may trap additional moisture without modifying the total

amount of water actually dissolved in the bulk molterial

(i.e. with no further changes in the glass trans. .ion tem-

perdttire (6) ). For sorption'o g..&jes und vapours in

glassy polymers the Dual Mode Sorption Theory han been

successfully developed to correlate the presence of kvpo-

tised pre-existing "Lolest or "free volume elements" fro-

zen in the glassy state to characteristic sorption beha-

viours (28-29). Equilibrium weight gains have been des-

cribed (10) to be progressively affected by microcavity
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formation as the toiiper~ture wvis ircruaad.

The history doperndont soluhjilIty model previoualy pre-

sented is generxa±ied in accordance wif Lh the Dual Mode Sorp-

tion Theory to take Into account a hygrothermal history de-

pendence of effective diffusion coefficient based on induced

microcavities. An attempt is made to correlate morphological

changes and diffusion parameters in this structurally diffe-

rent material. Sorption kinetics of water and moisture in

epoxy resin are here reported and analyzed in sight of a

complete immobilization model for trapped species. Equili-

brium moisture sorption levels, usually reported to be re-

presented by power law function of the relative humidity

with oxpanents rangiiig from 1 to 2 or higher values (Ot30,31,

27)4have been obtained aind intexpreted in the ligh. of the

above model.

A- . ___ _ __,_ _ _ _ __..._ _ _ _ __, - .
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SORPTION MOIEL

Assuming that the equilibrium concentration of the penetrating

species in the glasay polymer may be separated in two terms# me

history independent and the otcher history dependentp one may writes

cT  ,2:,a ,)= CI(Ta) + C ()

where T and a are the actual temperature and external activity, and

qI and 'Sare the previous thermal and activity history. In addition#

considering that C1 may be described by the ecabination of a Henry' a

law dissolved term and a Languimir "preexisting hole filling" term

in accordance with the Dual Mode Sorption Theory (28,29)1 i.e.s

C1 = k d(T)a + C I b(?a (2)

where kd is the lienry'a law constant for dissolved species, a is

the external activity and C and b the Languimir capacity constant

for preexisting bles and the afflnity conetant respectively. Due

to the microcavitational naturm of the hypotized damage, the history

dependent solubility term lp asum od to be of languimir type only:

2'.'.1 , ) b(T) a

where C'h is the hole saturation constant which is associated with

the induced cavities in the polymer and b(l) the polymer-diluent

affinity constant# which is the same as the one reported in eq. (2).
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Substituting 2 and 3 in one obtaing:

CjT#Tra,4) =k (T) a # (4)-1-T2 b(d . "&A
I --b(T)A

In' the case of linear isotherm, where ab<d, equation (4) becomes

C O.[1IT) + Kt(T,t,)] • (5)
T

where K(T) =k(T) + C' hob(T )a
d h

X(T,r,)) = b(T)

For experiments performed at constant temperature and fixed exter-

nal activity CT will be only. a function of the previous hygrothermal

history.

The transport model for systems in which sorbed molecules can

be divided in two populatiors, one formed by r uspletely immobilized

molecules and tho other by aolecu.Lee free to dlfi'se, has been deve-

loped by Vieth and SAhadek (32) in a modified orm of Pick' a second law.

Subsequently a partial inmbilizatlon model bas buen successfully de-

veloped by Pau:L and Koroo (33) from the relaxation of the postulate

of coplete immobilization suggested by Petropoulosh Due to the strong

interactions between the penetrant and the polymer and the high cohesive

energy of water, large differences in relative mobilities are expected

and the total immobilization model has then been used. In such case,

in fact, when linear sorption isotherm. are experimentally found, dif-

fusion of a penetrant may be described by classic diffusion law with

M -
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ronstant valu3 )f tVe effactivc rC.ff .lc.f n coefftclent (35),

= d D6
eff 1(

where k and. are respectively the tru and thu o:e0all

i1pparent Henry's law contstant, and D the actuai diffusicn

cdefficient of the dissolved species.

Equaticn 6 states that when part of the diffusing mole-

cules are Irmobilized, the effective diffusion coofficient is

lower than th actual. Once the isotherm 5 is irreversibly

fixed by the 2revious history (K' = constant) io linear and

KT becomes:

K+ K (7)

where K and K' are defined in equation 5

Since kd can not be directly calculated, equation 6 nas

been orimril7 usA'd to investigate the nature of' the morpholo-

,ical changes 3ssociated with 4ater sorption. In fact, in the

case of micrccavi'atilonal iaage, ramnpls damaged by different

azount% w.ll zhow differ.nt cfcrt' diffu.ion c.)efficints

,rd ;3rci._bil1Aie,, a-,so lif tested. i.,, the, ,O t X ,rimti,tai con-

2tion s. By 1 ndicating with the supcr'rip tf 1r:t a:.-: -. cond

-he riher ard ti.-, lower degr,.e of damage r ,:ectt,,.y, one can

write (from quation 6)s
K 'WST

D'T



In the case of irreversible microcavitational nature of the

mage, equation 8 is verified when for high apparent solubili-

ties, lower effective diffusion coefficients are experimenally

found. Moreover classic Fickian diffusion laws for constant
diffusion coefficients are not expected to adequately describe

water sorption in epoxy reasins during the damaging process.

Uhis is, in fact, mathematically equivalent to the case of con-

centration dependent diffusion coefficients, due to the history

dependence of KI in equation 6.

Materials.

Specimens were prepared from Epikote 828 (kindly supplied

by Shell 'It.) using commercial triethylene-tetramine (TETA) -

(Montedison SpA) as curing agent. Distilled water was used in

the sorption experiments. Dissolvent gasses were removed by

repeated freeze-thaw cycling, under vacuum, using liquid nitro-

gen as refrigerant. T he epoy samples were prepared following

the same procedures previously described (10).

Sorption Kinetics Exporimentst

Moisture sorption kinetics and apparent equilibria were

determined by means of a Mc Bain (36) quartz, elicoidal sprinf!

microbalance served by a standard vacuum system. The quartz

springs with a 0.50 mg/vzn sensitivity were obtained from the
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Ruska Corporations Worden Quartz ?roducts Division, Houston, Texas.

The sample temperature w,, mintained constant by circulating ther-

mostated water through a mater jacket surrounding the. sorption cell.

Dif'erent activities have been maintained in the system by imposing

and control-in-g, by means of a mercury d4fferential manometer# dif-

ferent pressures of water vapors.

Gravimctric liquid sorptlon measurements were performed by

weighing 3.0 x 3.Ox 0.05 em3 samplev repeatedly on a "Galileo" ara-

lytical lalance following iLnorsion in water maintained at constant

temperature. The swrmples were removed from the water, blotted, plB-

ccd in a weihIxtng bottle, weighedp and finally replaced in the con-

stant temperature water bath.

Sorption data are indicated as C (percentage of weight gain

referred to the dry weight) and plotted as a function of

where I is the thickness ol t e samples ranging from 0.2 to 0.4 mr.

for vapor sorption and from 0.4 to 0,6 for liquid sorption. Sorp-

tion equilibria were achieved over 2 to 200 days depending upon the

te st temperature.
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Equilibrium data discussion and gicsennatkinj e-si.

Constant temperature sorptions and desorptione have been

carried out on the same sample at progressively higher humidi-

ty levels. Thie will be referred in the following as "First

sorption - desorption cycle set" and will be indicated with

the Roman numeral I. Once the sample has been equilibrated

at the highest humidity level all subsequent sorptions .nd

desorptions will be referred as "Second sorption - desorption

cycle set" and it will be indicated by Roman numeral I!.

In Figure I a) and b) polymer weight gains, expressed

as grams of solvent per 100 grams of dry resin, for the

first and second sorption - dlescrption cycle sets at 600 C,

have been plotted es a function of square root of time nor-

malized to the sample thickness, 1. Numbers on the curves

refer to the activity at which the specific test has been

performed. The activity is defined as the ratio between the

moisture pressure in the sorption cell and the water vapour

pressure at the temperature of the experiment. For activities

higher than 0.60 first sorption experimental points have not

been reported in Figure I& since the initial part of the curve

does not follow the classical Fickian diffusion predictions (37).



The argument will L',! furthordeveloped and discussed in terms

of appurent concentratior dependence of the "effective" dif-

fueion coefficient in the kinetic paragraph. Conversely in

Figure lb sorption and desorption kinetics have been report-

ed for all activities indicated showing that in this case

all the data at low times are correlated by a straight line.

In Figure ic equilibrium solubilities, obtained from the

asymptotic values of the sorption curves, both for the first

and the second sorption - desorption cycle sets, at different

activities, are reported. Open circles refer to the progres-

sive moisture equilibrium weight gains which have been ob-

tained in the first sorption - desorption cycles set. The

isotherm is clearly non linear (upward) showing a positive

deviation from linearity at higher activities. Once the

maximium value of the activity is experienced by the sample,

the equilibrium moisture weight gains are linear with the

activity values (full circles). The differences in the

sorption behaviour, for the same environmental conditions

are to be related to a progressive damage that is produced

in the material equilibrated at increasingly higher moisture
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contcnLs. Once maximwn equilibrium moisture content has

been roached (In this case ar ax  Q. and the tera~cr;-

ture is held at constant value, no additional de:nage can

be ind'uced in the resin. The polymer-water system# then

behaves linearly when the internal state of the material

does not change during the experiment. In this case an

apparent Henry's law constant can be defined as the slope

of the linear isotherm. The overall system is then iden-

tified by an additional internal state variable which is

function of both the temperature and the moisture con-

tent. Once the system is fixed the sorption kinetic be-

comes a reversible phenomenon. In fact th, equilibrium

values of the solubility for the third sorption - descrp-

tion experiments are reported ii Pigure Ic an full irian-

gles show:inig A good agreewent with the previou. data.

The sime orocedure has been rolilowod for trmperaturcs

both hipher (75° ) and lower (4', C aod 30 C) thrin the pre-

vious one. The firsL and secon, sorption - desorption cycle

sets are reprorted in 'Igures 2a and 2b whPle humidity his-

tory dependent isotherms tire shown in 'v'gure 2c for T=75 C.

The upward isotherm (Fig. 2c) relative to the first sorp-
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tion - dosorpt.on cyc:.c' et eclu0l'ri-r.n slubiltieo open

circlea) dhows an !nitial apparent.y lintar pirt followed

by progressive positive deviatlions for activity higher

than 0,60. Tha existenee of this aparently initial line-

ar region indicates that at low moisture contents, inde-

pendently of the test temperature, the damage induced in

the resin is irrelevant. Sorption parameters obtained on

"as cast" polymer at low activities can be then referred

as relative to the undamaged resin (i.e. K of the solubi-

lity model). Again, once the sample has been equilibrated

at the highest humidity level (a = 0.99), the system be-

haves linearly for all activities (full circles of Fig.2c)

with an overall higher apparent Henry's law constant than

in the undamaged state (initial slope of the upward iso-

therm).

Sarption - desorption cycle iets at 45) C are shown

in k'igure 3. Additional equilbriwi moiiture contents for

"!s cast" samples hImve been obt,;ined without fo.lowing the

sorption kinetics and are also reported in Figure 3c (open

circles).
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At th4.k lutjp.:.caru<' the Ji f'erencev betweer the A:ear

:,! the upward isotherma ire lets pronounced tts expected

Lrom the te:n. eratur dependlence of the damage in the resin-

wat, yX ,ystein. Lou! temperatuV'e environmennt isp in feet, in-

ducing lower damage than a higher temperature environment

even in the same conditions of moisture content. When the

test tea~oerature was reduced, T = 30 0 C in Figure 4P a still

less pronounced history dependence of the isotherms was

found. At this htmperature the humidity control was diffLi-

cult to achlevo (p = 30mm Hg) but still appreciable. A

dotted linp is plotted to indicate the presamed upward iso-

therm. Once again a Jin er isotiern' lo found when samples

are previously equilibratid at higher humidity levels. It

h- noted that the h'ioistes I "per se" is not ffective

to produce any microcavitLtioi i'L the resin but, as already

paibted out in tho literature (1,b)p the synergisticr effect

of inol.stare anc temperature L3 r-ea-ly effective in the damag-

iu process.

For temperature lower than 300C (in particulare 200C

and 2CC) sorpt'lon from liquid phase, a = 1.00 has been fol-

lowed and the data are reported in Figure 5.
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In Figure 6 nolubilities of resins previously equili-

hrated at higher humidity levels as function of actual va-

pour pressures (in mm of Hg) and for Oit'ferent tempeitores,

as remorted on the curves, are shown. For experiments madG

in the liquid phase, water vapour pressures at the temnpera-

ture of the tests are used as abscissa. Isotherms are in-

terupped at pressure v'alues equal to the relative water va-

pour pressure. The overall apparent Henry's law constants

Kr, obtained from Figure 6, are plotted in a van't Hoff

diagram in 1igure 7 (full circles). On the same figure ap-

parent henry' s law constants for undamaged resih, Fil ob-

tained from the initial linear portions of the upward iso-

therms have also been reported as open circles.

I.t is interesting to notice that a straight lne well

correla'tes the solubility constants data for undamaged re-

sin (low activity test or low teirperature experiments), as

expected if the upward shape of the isotherm io due to the

history dependence of the vecond term K of eq. 7 in severe

conditions of humidity aid temperature. Indeed, if it is

so, specimens eaulibrated at high humidity levels and at

different tempersturei are not expected to show appatent



heryv c onz"tants tKxt can' be vorre-lated by Dtruiight, lii in

'. ~i t~- f lagrim ~i.t tbey hw've Jiffer'.nt deg±'eegi of' iii-

crc'void 9. H-owev.3r, )nce the esate of the rnaterial has lb.en

f'ixed by the hygrothermal nistory, then a linear relt-tionship

must be fourd. in fact, in Figures 8 a) and b), sorption -de-

sorption curves are reported f'or tests performed at T =30 C

and T =45 C, r':?spectivelyp on i.auplee previously equilibra-

Led at T =60 0 C and a =C.99. For such system linear too-

therns havc. been obtaine~d and reported in Figure Sc (op~en

circles) together with those obtained on samples equilibrated

ony tit 'he tFest teraperature (45, C and 30 0C) (full circles'.

It is evioent that for systews equi.Librated at higher, teirpera-

ture, the higher degrree of' io o~mown byj a !ighcr oc!,bi-

lit~y con.,4;..-nt. The ovp-rL i~rent Henry' s ,on. ,jrtz ?.bf-u~ln-

cd f r2 F"1ijrT- FU '%MU flY;r.n OW Uin i. 1y i -uj, )2;'.-

pxrim~nt a't TrK n n p, T'~owabt~:yr ~ (P

and a ::O.t)19, arc rcr-ctem as lull1 triiirv;eo in Fjbz.r'L'.

As expect'ed, a strai~tht Uine, .trallo2. to -'Je cor ri.-.

pondliir~ V, m~ -~u rosirt, wc1ll correkate.-, 4 iw exuferirnE-,;1U

points.



CCC:.cii~ngO sor'bed inGIt;'. irc : y ind'uce d.1ffoent 6.ejrees

of irreversibl'te daz igo :epn:i g upon the empbrater'v ard hu-

midity levels imposed on the sampl:. For low value., of tempe-

rat.ureg (T < 20°%) or f.r low ectivitles (a> 0.66) z:;vaequert

sorptlon6 are affect,.:i by the pr:vious teiperature and humidi-

ty histories. history dependent apparent Henryls law constantr,

as discussed above, give upward shaped Isotherms once the da-

mgir:g process is active.

Converiolyp once the damage ias reached its maximum value

as a result of exposure to drastic environmental conditions

(high values of T and a), linear sorption isotherms with high-

er apparent henry' s law cozstants are obtained in any subsequent

sorption - desorpticr experiment.

Discussioti of kinetic data

1lsture sorption .nu de.eorotion In epoxy resins have been

prcviouvIy presented for different values of temperature and ex-

ternaL act...ity. Equilibriun jrolturc sorption levels have been

described to be represented, for the same polymer and at the swie

temperature and humidity conditiorjs, both by linear and upward

isotherms (i.e. Fig. 2c), depending upon the humidity history to



Whic?, trf ~~..' WirtV.ha L t:~ w',tio oil 1"Iq

cast " rv r i&n Iopeil ci r~. K tk;' ]r, in';i apparorly v-,r

I othtr;I (Q!'oted .I lie) wa r Pr .' ,re obivpl-i s, J.JJ , tc ,-

Cicant poltlive de. ii.ons, as ioclated with a da~nain g I ro-

cesno as the external activity was increased over 0.60. Once

the w.axirrnum humidity level imposed to the system i,-i fixed,

f-or all subsequcnt sorrtion and desorption# the solubility

data were fitted by linear isotherms (full circles) of

Fig. 2c. Vapor sorption data for high activities and tem-

peratu&res in the first sorption run have not been reported

sine they were not described by ordinary Fick's laws. An

explanation of such anomalous behaviour will. be given fur-

ther on using the argumentr d:zncust3ed in the section on

serption model.

Moisture sorption and d TttIi kin0 '.s for tw.) dif-

-ereit .A w ]u' t of tlvitY in "au cpt" epoxy resin (f-rs--t

Porption - cetsarpjticfn cycles) are reported in Figure , far

r-,sts made- at T =,75 ' C. Accrra.ng to urd1inary Ficki&n

dil-fo,don vlth constant dilgupsion cefficient (),both

an Initial 1inear part in a welght gain VS 14t plot and

sorption an6 desorptIon dats lying on the sa.-mb curve are
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expected. How'v&er, wili Ld s : , erified at h.I. ctivit).08

(a ;: 0 . (; in rijz. P), -)t hi.gh acA4Jvities (a =0.80) dnoIma-

2ous behaviou~r has beenr fojund. As previously d.L;,us'ied, tad

eoffect ol2 daza-lng orocess on the effec tive diffusion coet'-

ficiernt may be attril.utled to riorphologicaJ. changes Inl form

of rdrocavities. The anomalous behaviour ahown at high

hum.Iity e~kionments could, in principle, be also explained

by an actual on~entratIon dependAency of diffuuion co-officient8.

Sorption and desorption tests performed at the swie

high activity (a =0.80) and -temperature on a sworplc rre-

viously eqtillbrated Pit a : 0.99 (secory.1 cycle rune), are

shown In Fig. 9. A good superposttiorl of th aorption and

deaorption oata may be cbLjprvek as r s 'ctpd by the voropo.,oe

inc~~el, ,~c in. 1di r'Ai. ~ .xiton IsXC-103d

once the itoraIhn r4,d ,rr to nrr. jever'

woulid not op sotisfacw~ry to PexplaiD Lilt, anorialies foori,1rin

Figure S. Moreover. the enivironltrntal corndltI ons of' 3. 16

eand '1 755_ 'Ire rot aile to induceo significant micro-



voicL-Ing in the r#'sln saLri'e vidj.;n at-iaier hive not !*en

found irn the, t;cor't-c.j cv-rI-c..

miT r7' Cf for a it. sarj3t. ,i _) Q.2 lj t e4. p2 rcrv-

itP. 1',ur1O ctan be observcd, os

~ ~2Stimt- tre -V ffud_'jon CCeff~iCiez't f t. _-Ft~CC, f 74

l ower thLn t c f tI.c tiarnngId zvpecirwh:; (i > ) *~

-. orphoiogica1 mo.,,iflcat-I7r, which increates thc solubility of

t~e crazed re~Arn, .Lt .fxv- tnvirontrentLI conditio:v, lo% crs

the cffentl ve d iffusiol, cefIicitnt.

It, Figurel11the ratioa betven difftuzion coOTf~IEi rnts ott-

talred in tbn nP7rc ;,qrimcintiti corvitic-rij, on eapc cquill-

bmt;ted Ini differcsiI.Evrntlt~J condito is arc ruported as

a I'unctfon c! tr4I: rat,",L ~'t~nt h~~~ suluthiitiec, aRI-

are comparr6 wat , equw t Icn F (f -"I line) .Th4 accrjrdar.cv.-;

twevez, the experihntal danta e.r: thc thecry i b a~ govi,

As prevlowsly reporte'i 9 tht, 61i'mireg proccSt is

r.!-t evicinet at lcow extrrna hLidIty 1i'vel1 . for' all the tem-

~ h~vxt~;t~land at lcw tenrperattrcs for '1" re-

la~tive hurdritier. aralyzed. As a conscq1~cnce, effe~ctive

rif'Puvor coe.Mfclents for thte undam~aged P01yuMcr Can~ be CiJ-

cu-lated at bigh terperaturea i.n louw humidity eiwironc-rLc
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-tna Rit low t mp raturu~s in uj-1 vwlrly c on4.iticzis \also Ii~iJ

'etr) .

DlfiAjon coe~fcionta ffor dana;'d (T =600 C, 0.99) arnd

uad-:7*go'r.'iif -n tsn beon croasplotted with solubility- ].r qs a

function o." thli reciprceal of' the t e-upera ture, taken from the datR

presented in the previous paragraph , As for the solul-41ity rifta

open triarigle~i in Fig.12, the dtffualon coefficien~ts calcu-

late'd fromt teot8 penrformed both at luw tumzperatures (20 and 20 0 C)

in liquid vater and at higi-,L temnperatures and low activities (re-

ferred ais ur.,6anagc,, a,,,- d1:ao w.ell correlated by a straight lir~e

In! *the Arrheni13 pl.ot (oipen cicles in Figure'12) For damaged

"ur'es 1c,.or rliffu :jon c f~cicnt.i 1 .fuI2. Lrcles) anrd ni-her

Aubl I t 4 ',s (Cu! I trhr es) Live K..,en fou.-H in the r~in--o of' the

tu;::~e~tu.~o t~id. ct ~~re'~yfor thc (ifa'ijon prc-,

ce."ca ::)f~ K . it V.5iYa.,;.I ft:,z; !c ali ilaturl lot'i "cv -!a.ziged

~ ~ ~ ~ nc tu,,..> -1 Kc i/'oc

i:~~ocu:Anit h4La .een cAo Nha T, el'fcact oftempceri-

t'e ci;cid hu-icilty jzc tic, ePccy rioctuture :uiy be noted toth

:'ror kjc'zcti, :ui~a ocui-'i"rium r-,-tao The nature of the yc-

tlzed da.,agJng prccelis (micrccavatixis forrrution) .11 in aigreemen~t

Vit th.? dif'fuoion (:ceffleient deopr- ssion exeriturntaiy rrtni ait44

tf.eoretica1.iy predicted ty an analyull3 ba~sed on 't-ial Mcx~o Sorption

transport model with completfely Immobilized trapped species.
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~ed~rse ~d dt~±r ~ preser. o sorbe

Crttzi.g haq beoen r lc!;-rl bed as ra l'ur,! of yi(:Aing ir. tl,a s#=

a ey polym'ers involving rign ficant civitaticr.n ond .. ocaJ ized fi-

brillation and orientation of the material surrounding the ce-

vIties (38) which develop3 a the.rmodynamic restoring force due

to conformat-ioal entropy changes of the oriented maeromolecu-

lea . Hbweverp in ordinary conditions crazing is considered

irrcversibl siyjce the wcokness of the restoring force as rela-

ted to the forces r quired to initiate the cavitation$ rcsuits

in a recovery time scale that is decades longer th'in the typi-

cal inltiat.on tiWiie scale. In addition, while cavitation is

isotropic Jn .har cter, LhP fibrillation and orientation of

c raze sarrounding the cavities ie nc..i, rnd,in fact, its dire-

ctionality hs, been described ( ) in ter=s of major principal

stress always perpericcuiar to t-c crnzv, tip, hf.rce the name

normal streso yielding (40).

For these reasons s criterion fu- crazing based en-

tire]y on the first Invariant J i not adequate, impi.ying

that craze formation shou1i be a completely isotropic

yielding process* Th. dependence of craze initiation ha

-i. -
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teen succusefully descri1.ed .f , " dviatoric stress

bials (CO) veroao tiie (-ra f tbh, h'rat-rW(cstq inva-

riant (I1) (4C): lhe st.reus bii.-. 1,s. vreb.3 vector with mag-

nitude'equal to the Tajor ahar Atress but with ,iLrectioi

of the major principal stress),may be viewed au the driv-

ing force, and as direction determifing component of the

stress state, for the fibrillation and orientation stop,

whereas the first-stress invariant is the cavitational

driving force.

In equation form it may be expressed as:

where A and BI are tex,,perat,'re-dependent material constants

and, I i the firet-strejs tnvria3t whi.Ch wust be positive

4 ( !ladiional 1 for cav"two nio, Thi f ge-ts that as the

stress field becoes non di2ational the cavitation pro-

ceas is the limiting factorp craze becomes increasingly

difficult to initiate and shear yielding may be observed as

yielding ,mode (40).

The above criteria may be qualitatively used to inves-

tigete the nature of the damaging process associated with
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moisture s.orption. In fttct, if er,.z, .'ormaticn Is iavokrd

to explain appa . nt ,olubiliy chang* a of Lales subjected

to different hygrother al historiess the effects of tin ex-

ternally aoplied rtre4 field on 6olubli]ties may be rre-

dicted, considering its influence on the driving force for

cavitation, 1I. SorLd solvent induced osmOic stresses (41)

or differential swelling strains of regions with different

crosslinking densities (4,23) produce the "internal" strees

fie]d distribution responsible for craze formation. The

sptosition of an external stress field will favor or de-

crease the tendency of the mterial to craze, d1pehding on

the variationa of the resultin* first-rtress variant. For

exa nple, the applicat Ion of :3 tonsile strese will increase

1, and a more crazeo (dariagod) matc..*. shouid be ,htuinod,

4 ~~~~~while, cofl'Jretz.1y, ti-,A,~ t~ti 'ih;~ tii ue~r

will decrease ! an L r1s ' od , rian sh(,I.d result.

Such l vq-rctatior has -!&; i experimuntally tented by per-

forming _ orption eyriaent.s on namphm subjectcd to diffe-

rent "stress historiers" tihen exposed to the same environmen-

tal conditions. Lqudd wter corptiotus have been previously

carries out t T = 405 C on an uniaxially loaded dumbell sam-

ple and on an unloaded reference sample. After a period

I.I



three time longr -than usually needed to oquilibrate un-

leaded samples tt the bann temperature, the dumbell speci-

mene were out into rectangular shapes auid weighed in the wet

statei The dry weight was subsequently obtained after a

drying procedure under vacuum at T = 40 C until no weight

changes were Further observed. Weight gains subsequent to

resorption from liquid water at T = 40° C were then followed

for the two samples with different stress histories, and are

reported in Fig. 14. The previously loaded and water pene-

trated sample clearly showo a higher solubility than the un-

loaded sample. In Table I the applied stress, equlilbrium

moisture uptakes end percent solubilities increases are re-

ported for the loaded and unloaded samples. Ail Increase of

about. 16 percent of the apfiernt solur.iities has )een found

after apnlying . tress !,?'at is only 7 perc!ent of the yielding

stress for a saturuted ,.zmple ' or j pernen of tix Obrbak

for a dry &iunple (t.2). Locn]. ,rielding in fcrm of craezes may
be possible since, for the apptiae str m used, we are well in-

side the linear elastic region of thd. tresd-strain curve (1.2).

The increase in" crazability"expected as a consequence of

the increase of the driving force for cavitation, 11, is experi-
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mcnta Ily 6vidtrt it, tj: . 2'' tr ;h '-~ ~ ,

lottded 3a;7,p3.9

Cor Pu~in~, or I .fcrm~~A :*On tfl'. rulre of? tew Ja:U!? .kZ -

inr prccess of (ep)jxyre;z xodtc mai erviror.tnti --an

be ob~tained perforingp sorption tests on diffrently 10o cied

sam~ples nt differen't temperatures. Sorptlion experime)At- .?er-

ried out on campleB nubjacted to hydrotitic compressive stres.4

field are presently in progress. Tlie results will be comnpared

with the previao lnfrmation orn thK.- eyatem as described In

this report. The effects of' environment on the n~.crostructure

will1 be furtber developed including 'stresg histories"' in dU'..

fer!,nt coniditi ons Qf tempera ture and himidlty, fc]llowing the

erguments int-ouced heret on the nrazing proces as a forra of

local--r1PdB-iI
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Figure 1. -First (a) and second (b) sorption -desorption

weight gain experim~ents ar, functio'n of time at

different activities and at T =6000. (c) Equili-

brium solubil~ity isotherms tit T =6000 from 3 first

(0) ; second () and third (A) sorption - desorption

cycle sets

Figure 2. -First (a) and second (b) sorption - dgsorption weight

gain coxperiments as Pmantion of time at different

activities and at T =7500. (c) Equilibrium solu-

bilit.y isotherms at T =750C fram: first (M and se-

cond A0 norption - dnrsorption cyclo sets. Dotte~d

line refers to tlhc initte-i ).inuar i,,thferm: in the un-

darnafpct sys ta

Figure 3. -Firol. (a) arlu &co'i(b) ~;-tior: - i- sorption weight

gain experhment! ir. Ouriuc'Ui-r of ' i:- a. c0i"fkrent ,,C-

tivitir~s earJ at T =450C, (r) ivilu.Uibriun solubility

isotherms at T = 450C from :first (0) and second (0)

sorption -desorption cycle 6ets.
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Fi'ure 4. ,First (a) .,..d (W) 3rT.ticrl - Iesorpt-on

weifhi, i% ex rirmeurt!i t f , t,.'Lcn of .Imc at

dif!'erent eCtivItie nd tt T = 300G. kC) Equi-

l~brium solubi.ity Isotherms at T - 300C from t

first (0) anm second (0) sorptior -de:.orptlon

cycle sets.

Figure 5. - Weight gaina as function. of time for water aorft

ption from liquid phase at T = 200C and T = 2 C,

Figure 6. - Equilibrium solubility isotherms as function of

the actual roisture pressure.

Figure 7. - Apparent Henry's constants as a functuin of 1/T

obtained. Fromt linear isotherms ef second sor-

ption experiments ( damaged watgriJ.. ) (6)j ini-

tial linear isotherms of specimens pr-viou)y e-

quilibrated a,, T - 600 nd c .= .9 ).

Fiure 8 , Sorpti.r .,. at different hu-u.ditv levels

at T = 300 (a) 4nd T 45°C (b) of tcciiiens rre-

viously equilibrated at T = 6a0 C and a = 0.99,

(c) Comparison Lctweer, linear luothermn-; a! T z450C
and T 30O for samples vqt;i1 ir tcJ at the test

temperature (0), end provioudly eauil!brated at

T r 600C -nd a 0.09 (0).
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i~.gue . -~ii~ur' z~rI.tion (0), :ind Je,,orptlon~ (4) ir;es

*",, cPt" rcv at Wo diffierent ~ ~.I

T = 7 5'0 C

Vigu'a 31 w i!~ic .rticau (0) 'nnd ceisorptiol (0) ,-urvee

for a previously equilibrated resin at T1= 7500

t a= 0.99. External activity a 0.8u,

FlIpure 11. -Comarioon between moaure ;oorptian in tho ane

otiarval ci;ndltions fo~r resin with different pro-

rioixi histomi*'

Figure 12. - Diffusilon coerficient reductioio D/Z)''for so-

lubility Inerean!. (K / Kt~ )1 (0) experimentalp

()eqjuation S.

Figure 13. - Crossplot. of d~lffusic;xn coefflcient,3 and solubi-

oi~u .s functi on cif *I/T for unda~naf-ed (c9),)

~nnf orirged nit T =600C anid a = 0.99 ($fi) elro-

xy reitns.

riigure 14. -Licuid water iztAaX*' it) re'~orpt. on tests per-forMed

on Y,reviwusly zjutu;'.ittid ini liquid wate~r )ir siubse-

querLsly' driod !a 'J3T =4000G). (0) lPreviousljw

loijde ( 5.30) kg/i2) atnd @)unloaded samiples.
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0 initially undalrnaged

•M pjd-urs ..

l!83 .0 3 10 :3.4 3.0

.. , , I T I 1(

-, S --

0 0s o 4l0 Sa o n

Figue 7 . Apprnt Henry's constate as a f'unction of 1/T

obtaineid froms lin~car Initial part of unwaerd

i~otherms (undamaged) (0); linear isther (da-

.,g~ed lte. al (0); inear" iotherms of scc-

,mens "reviounl.y .xpv.,ed at T b O° C nd a 0,.'u.
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Figure 12'. -Diffu.%ion coeffiient reduc1idcaZ D/D' Ifor ac-

lubility ir.creaso:; (K4f Kt.) (C) experim'ental.
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